Cycloheximide and 6-azauridine were employed to study the time course of measles virus protein and nucleic acid syntheses in AV3 cells. Synthesis of ribonucleic acid (RNA) essential for infectivity was first detected at 6 hr and increased concurrently with the formation of essential protein. Maximum There is much information on the physical and biological properties of measles virus (16, 18, 28) , but knowledge of the mechanism of replication is limited. Prior studies have revealed the general characteristics of the growth cycle (6, 16, 17) and the sequence of formation of infectious virus, hemagglutinin, complement-fixing antigen, and hemolysin (19) . The present study was undertaken to determine the time course of ribonucleic acid (RNA) and protein synthesis necessary for the formation of infectious virus, salt-dependent agglutinin (24), and complement-fixing activity in measles virus-infected cells. An inhibitor of RNA synthesis, 6-azauridine (10), was used to determine the time course of RNA synthesis. Cycloheximide, a protein synthesis inhibitor (8) MATERIALS AND METHODS Cells and media. The AV3 continuous human amnion cell line (21) was used. The cells were grown in monolayers in 32-ounce (.95-liter) prescription bottles in medium 199 containing 0.25% lactalbumin hydrolysate and 15% heat-inactivated (60 C, 30 min) newborn calf serum, and sodium bicarbonate was used to adjust the pH to 7.2 to 7.4 (GM). Eagle minimum essential medium (MEM) with 5% newborn agamma calf serum was used for maintenance (MM). Dialyzed newborn agamma calf serum was used when the effect of 6-azauridine was determined.
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Virus. The Edmonston strain of measles virus (7) was used throughout this study. Stock virus was prepared in 48-hr cultures of AV3 cells. The virus inoculum (3 ml, 2.0 x 105 PFU/ml) was adsorbed at 36 C for 2 hr. After adsorption, 45 ml of MM was added, and the cultures were incubated at 36 C for 48 hr. The MM was exchanged, and the cultures were incubated at 31 C for an additional 24 hr before they were harvested by freezing and thawing three times.
Infection of cells. Approximately 1.8 x 106 cells were inoculated into 2-ounce (5.8-ml) prescription MEASLES VIRUS RNA AND PROTEIN SYNTHESIS bottles and incubated for 24 to 48 hr at 36 C. The GM was removed, and the cells were incubated with 0.5 ml of virus for 2 hr at 36 C. The input multiplicity of infection (MOI) was approximately 5 to 10 plaqueforming units (PFU) per cell unless otherwise indicated. The inoculum was removed, and the cells were washed with 5 ml of phosphate-buffered saline (PBS) containing 1% agamma calf serum and reincubated with 5 ml of MM at 36 C. The time after the 2-hr adsorption period was regarded as zero time for these experiments. For some experiments, tube cultures were seeded with 5 x 105 cells and inoculated with 0.2 ml of virus. All other conditions were as described above.
Plaque assay. Monolayers of AV3 cells, 70 to 80% complete, in 2-ounce prescription bottles were washed, and two cultures were inoculated with 0.5 ml of each virus dilution. Adsorption was at 36 C for 2 hr. Unadsorbed virus was decanted, and the monolayers were overlayed with 5 ml of sodium carboxymethylcellulose (NaCMC) medium. Cultures were incubated at 36 C for 3 to 4 days, at which time primary plaques developed. The overlay medium was decanted, and the monolayers were fixed with 8 ml of Formalin (10% in PBS, pH 7.2). After at least 2 hr at room temperature, the fixative was decanted, and the monolayers were covered with 4 ml of Giemsa stain. Thirty minutes later the stain was decanted, and the monolayers were washed three times with tap water and air dried. Plaques were counted with a dissecting microscope (12x), and the titer was reported as plaque-forming units per milliliter. The NaCMC overlay (final concentration, 1%) was prepared by dissolving 10 g of powdered high viscosity NaCMC (General Biochemicals) in 840 ml of distilled water and mixing at 4 C for 24 hr. The solution was autoclaved at 116 C for 10 min. After cooling, Eagle MEM and a final concentration of 5% newbom calf serum was added.
Salt-dependent agglutinin. Samples were assayed for salt-dependent agglutinin (SDA) (24) by employing a microtechnique (27) 6, 19) and show that CF antigen and then were infected. Cultures were harvested appear before infectious virus.
at 24 hr and assayed. Virus yields in cultures fect of cycloheximide on virus replica-pretreated for 24 hr were 5.5 x 101 PFU/ml and cell viability. Various concentrations (control yields were 6.0 x 105 PFU/ml). Virus cloheximide were added to measles virus-yields in cultures pretreated for 6 hr were ted AV3 cells (MOI 0.2) immediately 2.1 x 101 PFU/ml (control yields were 2.2 x virus adsorption to determine the con-105 PFU/ml). This indicated that the effect rations of cycloheximide required to ef-of cycloheximide (0.5 ,ug/ml) on the capacity vely block virus replication. Virus yields of the cells to produce virus was readily redetermined by plaque assay at 24 hr. versible. drug inhibited virus replication at conEffect of AUR on virus replication. Ex--ations that were not cytotoxic (Fig. 2) . periments were performed to determine the tional experiments employing an MOI of concentration of AUR to be used in subsequent 10 showed that 0.5 qg of cycloheximide inhibitor experiments. After virus adsorption nl inhibited virus replication by 98%. An (MOI 1), medium containing different conriment was also performed to determine centrations of AUR was added. Virus yields cloheximide added to the cells prior to were determined by plaque assay at 24 and tion would alter their subsequent ability 48 hr. Measles virus replication was sensitive roduce virus in the absence of the drug. to AUR; 98% inhibition occurred in the presence of 5 gg/ml at 24 hr (Fig. 3) . However, at 48 hr, there was a decline in the amount of inhibition indicating some loss of inhibition on continued incubation. No alterations in cell morphology or viability were observed with 5 ,ug of AUR per ml.
Time course of viral RNA and protein synthesis necessary for the formation of infectious virus. AUR or cycloheximide was added at various times after infection of AV3 cells to inhibit either RNA or protein synthesis. Virus yields at 28 hr were plotted against the time of addition of the inhibitors (Fig. 4) Fig. 6 . The infectivity curve is the same as the cycloheximide curve in Fig. 4 Time course of "early protein" synthesis necessary for viral replication. Cycloheximide was employed to demonstrate a requirement for early protein synthesis. Cycloheximide (0.5 ,g/ml) was added at zero time to block protein synthesis, and at various times the inhibitor was washed out. Virus yields at 24 hr were determined, and the percentage of virus inhibition was plotted against the time of reversal of cycloheximide inhibition (Fig. 7) . After 1 hr there was a rapid decline in virus yield until about 4 hr. We interpret this to indicate a requirement for early protein synthesis, which begins at 1 to 2 hr and continues until 4 hr. Between 4 and 6 hr there was a plateau followed by a further decline in virus Fig. 1 . At the indicated times, 6-azauridine (5 ug/ml) or cycloheximide (0.5 gg/ml) was added. Virus was harvested at 28 hr, and virus yields were plotted against the time of addition of the inhibitor. Also included is the control growth curve of virus in untreated cultures. Absolute maximum value (28 hr) was: infectivity, 1 .9 x 106 PFU/ml. Fig. 4 . Infectivity curve same as cyadded at 3 and 4 hr, the growth curves were cloheximide curve in Fig. 4 . Control equals yield at similar to that of the control. This confirms 28 hr (no cycloheximide). Absolute maximum values that early protein synthesis occurs and is es-(28 hr) were: infectivity, 1.9 x 106 PFU/ml; CF antisentially complete by 3 RNA synthesis essential for CF activity was first detected at 3 hr and preceded the formation of protein essential for CF activity by 2 hr. We made no attempt to distinguish between the various kinds of CF antigens. However, the S antigen (internal nucleoprotein component) was the major CF component found early in the growth cycle of measles virus (20) . Thus, the early increase in CF activity we observed is probably due to the production of S antigen.
Experiments were performed to determine whether early protein synthesis was essential for the replication of measles virus. Experi- ments involving the reversal of the effects of cycloheximide indicated that early protein(s) synthesis was required and takes place during the first 3 hr after virus adsorption ( Fig.  7 and 8 ). The early protein(s) was formed prior to the proteins essential for CF antigen, SDA, and infectious virus. The synthesis of early and late proteins in cells infected with myxo-and paramyxoviruses has been demonstrated by others (25, 26, 29, 30) . These studies indicated that the late proteins represent virus structural protein, whereas the early protein was essential for viral nucleic acid synthesis as well as structural protein synthesis. An RNA-dependent RNA polymerase has been observed in cells infected with Sendai virus (15) and has also been found in purified NDV and Sendai virus virions (11, 22 Fig. 1 . At various times, cycloheximide was added (5 osg/ml) and then removed from all cultures 5 hr after adsorption. Virus yields were determined at 2-hr intervals and plotted against the time of harvest. structurally related myxoviruses and paramyxoviruses is the length of the eclipse period. Considerable variation in the eclipse period of measles virus has been observed (16); however, in all cases it was considerably longer than that observed with myxoviruses and paramyxoviruses such as fowl plague (3, 25) , NDV (9, 12, 26, 30) , influenza A, strain WSN (9) , and SV5 (5). It is difficult to compare our data with those cited above because of differences in either the inhibitors employed or the methods employed to determine sequential synthesis of viral components. However, the results obtained with measles virus differ in one major respect and that is the lag observed between the synthesis of the various virus components and virus maturation. Thus, the relatively long eclipse period appears to be mainly due to a relatively long maturation process and
